relates to direction selectivity and how this combination of properties bears on the aperture problem. We have However, small receptive fields tend to confound the orientation and velocity of moving edges, leading to therefore investigated these issues, using an efficient receptive field mapping technique (Livingstone et al., ambiguous or inaccurate motion measurements (the aperture problem). Thus, it is often assumed that neu-2001). Our findings indicate that end-stopped V1 neurons are capable of encoding two-dimensional motion rons in primary visual cortex (V1) carry only ambiguous motion information. Here we show that a subpopulasignals in a manner that is largely independent of the orientation of the stimulus-a property that is also found tion of V1 neurons is capable of signaling motion direction in a manner that is independent of contour orientain neurons within the middle temporal visual area ( 
Introduction
V1 neurons were first screened with drifting bars, and if they were both direction selective (direction index Ͼ Humans and other primates are able to perceive the 0.5) and end-stopped, they were studied further. Our speed and direction of moving objects with great precicriterion for end-stopping was a 30% suppression of sion. This is remarkable in light of the fact that, at the response to a long (9.5Њ) bar, as compared to a shorter earliest levels of the visual system, local measurements bar of optimal length. We recorded a total of 38 neurons of velocity are often confounded with the object's shape. in V1, and 17 neurons in MT of two alert monkeys. Nine The problem is based on simple geometry: if the middle V1 cells failed to respond to the noise stimulus or were of a moving contour is viewed through a small aperture, lost before sufficient data could be collected. The reonly the component of velocity perpendicular to the maining 29 end-stopped V1 cells were analyzed in detail. contour can be recovered (Wallach, 1935; Wuerger et These cells were generally quite end-stopped: the averal., 1996). The component of velocity that is parallel to age suppression was 59%. For comparison, we also the orientation of the contour can be recovered only at studied a few V1 cells that were direction selective, but the endpoints. Because neurons in the primary visual not end-stopped. All of the V1 neurons were complex cortex (V1) have small receptive fields, this "aperture cells, as evidenced by the fact that one-bar maps (deproblem" (Marr, 1982) must be overcome if the visual fined below) for light and dark bars were nearly identical. system is to function properly.
We chose not to include simple cells because they tend In the example shown in Figure 1 , a vertically oriented to be less direction selective than complex cells (Conbar moving diagonally is shown at two consecutive time way and Livingstone, 2003; Hubel and Wiesel, 1968 ) and points. These successive "snap shots" make it clear apparently do not project to MT (Movshon and Newthat a receptive field located near the middle of the bar some, 1996). would be fooled by the aperture problem ( Figure 1A ) Figure 2 illustrates the stimulus used in the sparse and see only the rightward component of motion. A noise experiments. In each frame, the stimulus conreceptive field located at the endpoints of the bar, howsisted of two long bars, one black, one white, on a gray ever, would be able to recover the correct direction of background, flashed at 75 Hz at random positions. For motion ( Figure 1B ). This exercise suggests that a sensiend-stopped cells, the bar length was chosen to be much longer than the excitatory length of the receptive field, as judged from the peak of the length-tuning to use the longest bar that evoked consistent responses during sparse noise stimulation. The centers of the bars were constrained to appear within a square stimulus delay; except where explicitly stated, we used the time to peak response (usually between 40 and 60 ms). The range, which was centered on the receptive field. By presenting these stimulus sequences for approximately spatial positions in two dimensions are the coordinates for the one-bar maps. For each spike train, this analysis 30 min, we obtained a spike train from each cell, along with the corresponding record of several thousand stimyielded two one-bar maps, one for the black bars and one for the white bars. Because our cells were complex, ulus presentations. The stimulus positions were corrected offline according to the monkey's eye position on the black and white bars produced similar maps, which were then averaged to generate the final one-bar maps. each frame (Livingstone, 1998) . We therefore measured stimulus position on the retina, not on the display For the two-bar maps, spikes were reverse correlated with the positions of two different stimuli on successive monitor.
A distinct advantage of the sparse noise stimulus is video frames, one of which we refer to as the reference stimulus and the other as the probe stimulus. The referthat it provides estimates of the one-bar and two-bar responses from the same spike train. The one-bar reence stimulus was defined for each spike as the stimulus that preceded the spike by the correlation delay. The sponse is simply the cell's likelihood of firing as a function of the position of either the black or white bar. The other, probe stimulus, is one of the two (black or white) stimuli in the immediately preceding frame. Activity was two-bar response is the likelihood of firing as a function of the displacement of bars on sequential stimulus mapped as a function of probe stimulus position minus the reference stimulus position, in 2D retinal coordiframes (i.e., an apparent-motion stimulus). Because the bars could move in two dimensions, the two-bar maps nates, with the horizontal axis corresponding to the horizontal displacement and the vertical axis corresponding allowed us to evaluate the extent to which neural responses were affected by the aperture problem.
to the vertical displacement. Thus, position (0,0) represents occasions when the two successive stimuli fell in Both the one-bar and two-bar maps were computed by reverse correlating the spike train with the stimulus exactly the same retinal location, regardless of which absolute retinal location it was. For each spike train, sequence. For the one-bar maps, we reverse correlated the spikes with the position of the light or the dark bar this analysis yields four different two-bar maps, corresponding to the four possible bar sequences on sucon any given frame. The reverse correlation procedure thus measured the likelihood that a spike was preceded cessive frames (white-to-white, black-to-black, whiteto-black, and black-to-white). Each one of these maps by a bar at a given position in space and a particular latency in time. The latency is called the correlation contains one-bar responses that depend on the position but increasing the bar length to 9.5Њ only suppressed the response by 11.5%. When this neuron was tested Figure 3A shows the one-bar map for one of the V1 neurons that was not end-stopped. The position (0,0) with a sparse noise stimulus in which the bars were rotated 45Њ away from the preferred orientation, it was indicates the center of the stimulus range, and each pixel in the map indicates the relative likelihood that a almost completely unresponsive (data not shown). Figure 4 shows the results of a similar mapping experi-3Њ long bar centered at that position elicited a spike from the neuron. Red regions indicate high probability, ment, but in this case the neuron was end-stopped, as indicated by the length-tuning curve in panel D. This and blue regions indicate low probability. In this map, the red region is elongated along an axis parallel to the cell responded well to short bars, but was completely unresponsive to long bars (96.0% suppression), even orientation of the bar stimulus, indicating that the cell responded well when any part of the bar fell on the when the orientation and motion direction were optimal. Figure 4A shows the one-bar map calculated from the receptive field. Figure 3B shows the two-bar map for the same cell. response to a sparse noise stimulus consisting of 2.4Њ long bars. The best response was obtained when the Here the dark red region in the upper right portion of the map indicates that the cell's response to a reference center of the bar was far from the center of the receptive field. The positions of the red regions show that the cell stimulus was facilitated when it was preceded by a probe stimulus that appeared to its right and upward. responded well when either one of the endpoints of the bar was in the receptive field. The lack of excitation at In other words, the cell responded well to a down-left motion sequence. However, the two-bar response was position (0,0) in this map indicates that the cell failed to respond when the bar was centered on the receptive not very selective for motion direction. The elongation of the red region indicates that the cell was responsive field, as would be predicted from the length-tuning curve in Figure 4D . The slight asymmetry in the positions of to almost any stimulus sequence that contained either a leftward or a downward component: a clear manifestathe red regions with respect to the origins of the maps in Figure 4A is most likely due to small errors in our tion of the aperture problem. Similarly, any stimulus sequence that contained an upward or rightward compoalignment of the stimulus range with the receptive field. The selectivity of this cell for endpoints suggests that nent suppressed the cell's response, as indicated by the long blue streak in the two-bar map. Figure 3C shows it might provide useful two-dimensional motion information (Lorenç eau et The aspect ratio for the neuron in Figure 3 was 3.1, indicating that the neuron was approximately one-third as sensitive to motion parallel to the bar as it was to motion perpendicular to the bar. The aspect ratio for the neuron in Figure 4 was 1.4 . Across the end-stopped population, the aspect ratios ranged from 1.2 to 3.0, with a geometric mean of 2.0 Ϯ 1.08. There was a weak, but statistically significant, negative correlation between The baseline firing has been subtracted from this plot. understand how common these differences were across Figure 7B shows a delay in end-stopping for the time the population, we obtained two-bar maps at more than course of the response averaged across the V1 populaone orientation for 29 end-stopped V1 cells. To quantify tion. Thus, similar to other surround effects, end-stopthe effect of orientation on the directional response, we ping requires some small amount of time (20-30 ms) to used the peak position of the Gaussian fits to the twobecome fully manifest. bar maps as one measure of each cell's preferred direc- Figure 8A shows the temporal evolution of the twotion (PD). For instance, the position of the red region in bar map for the same neuron shown in Figures 4 and Figure 4B suggests that the preferred direction was 7. An early response (at 50 ms) shows an elongated down and to the left. For each cell, we also calculated region of facilitation, with a prominent response near the mean vector of the conventional direction-tuning the topmost portion of the map, slightly to the left of curve, as a second measure of the PD. In Figure 4C , the vertical meridian. This suggests a strong response the mean vector is represented as the red line pointing for motion down and to the right. In other words, at downward and leftward. We then compared the PDs short time intervals, the neuron was fooled by motion derived from two-bar maps with the mean vectors obparallel to the orientation of the bar, as was the weakly tained from conventional direction-tuning curves. We end-stopped neuron in Figure 3 . However, over time, this have shown previously that these measures are well facilitatory region faded, and eventually was replaced by correlated for noise maps obtained with small spot stimsuppression, as indicated by the blue regions that flank uli (Pack et al., 2003) . the red regions. This later part of the response is consis- Figure 6A plots the PDs obtained from conventional tent with the neuron's conventional direction-tuning bar sweeps against those predicted from two-bar maps curve (rightmost panel), which showed a preference for in which the bar orientation was perpendicular to each motion down and to the left. cell's preferred direction. The correlation is significant (angular-angular correlation [Mardia, 1975] ; p Ͻ 0.001),
MT Neurons with a median absolute angular difference of 24.4Њ. For V1 neurons project to numerous cortical areas. One of the population, the circular standard deviation (cSD) these, the middle temporal area (MT or V5) is highly (Mardia, 1975) modulations by static texture surround in area V1 of the macaque monkey do not depend on feedback connections from V2. J. Neuro
